The effects of continuous positive airway pressure (CPAP) provided by the Siemens Servo 900C ventilator were compared with a continuous flow system (CF-CPAP) in patients weaning from the ventilator.
It is well-known that in mechanically ventilated patients the process of weaning may be hampered by the additional work of breathing imposed by the endotracheal tube [1] [2] [3] . If the ventilator is used for weaning purposes, the additional work of the ventilator-humidifier circuit is superimposed on this workload 4, 5 . The effects of various breathing patterns on the respiratory work imposed by the endotracheal tube have been studied extensively [1] [2] [3] [6] [7] [8] . The performance of various ventilators providing CPAP has also been examined 2 . The interaction between the breathing patterns of patients and the ventilator has, however, received less attention.
We therefore investigated the additional work imposed by the ventilator in relation to the minute ventilation of patients weaning from mechanical ventilation. Various parameters derived from the imposed work were obtained to determine the interactions between patient and ventilator. For this study CPAP was applied as ventilatory mode: this enabled us to compare the performance of the ventilator (Siemens Servo 900C, Siemans-Elema, Lund, Sweden) with a continuous flow CPAP system.
METHODS

Patients
Mechanically ventilated patients were included if they were able to breathe spontaneously using a CPAP system for at least one hour.
Thirteen patients mechanically ventilated for various medical and surgical reasons were studied; patients' characteristics are given in Table 1 . All patients were intubated with an endotracheal tube (inner diameter range 7.5-9.0 mm) or a tracheostomy tube (inner diameter range 6.0-8.5 mm). Maximal inspiratory pressures (MIP) were determined prior to the weaning procedure. CPAP was used as standard weaning procedure. Periods of CPAP were alternated with assist-controlled mechanical ventilation. Informed consent was obtained from each patient or their next of kin; the study was approved by the local ethics committee.
Respiratory Circuits
A Siemens Servo 900C ventilator was used as ventilator-CPAP device. The Servo 900C was equipped with a standard ventilator circuit including a humidifier (Conchapak, Kendal Co, Neustadt, Germany). The inspiratory trigger level was set at the minimal value at which no self-cycling occurred. A preset CPAP level of 0.5 kPa was applied in all patients. Patients breathed the same inspired oxygen concentration as that applied during ventilatory support prior to the study.
A Dräger CF800 was used as CF-CPAP system (Drägerwerk AG, Lübeck, Germany). The Dräger CF800 consists of a continuous high-flow system with a spring-loaded reservoir incorporated to minimize pressure fluctuations. The CF-CPAP system was set at a basal flow of 60 l/min. A minimally flow-dependent Vital-Signs PEEP valve of 0.5 kPa was added to the expiratory circuit 9 .
Protocol
Prior to the study all patients were ventilated in the assist-controlled mode. After discontinuation of mechanical ventilation the patients were put in a semi-recumbent position, breathing first with the CF-CPAP or with the ventilator CPAP on random selection. The patients were allowed to breathe spontaneously for approximately 15 minutes after which respiratory measurements were obtained. Airway opening pressure was measured with a differential pressure transducer (Validyne Co, Northridge, U.S.A.) at the mouth end of the endotracheal tube. Flow was measured with a heated Lilly Pneumotachometer (Jaeger Co, Würzburg, Germany) placed at the end of the endotracheal tube, distal to the airway opening pressure outlet. Oesophageal pressure was measured using an oesophageal balloon attached to a nasogastric catheter. The balloon was filled with 0.5 to1.0 ml of air and properly positioned using the occlusion method 10 . Flow and pressure data were continuously sampled at a frequency of 100 Hz. Volume displacements were calculated by computerized integration of the flow signal. The derived variables as described in the analysis were obtained with a personal computer (Commodore 486 SX33).
Analysis
For each device 15 to 20 consecutive breaths per patient were analysed. The data presented are the means of these breaths chosen at stable signals and breathing patterns. From the recording of the flow signal in time, respiratory rate, duration of inspiration and expiration (TI and TE), and tidal volume (Vt) were computed. The TI/Ttot was calculated from the duration of inspiration and total breathing cycle.
The following computations from the airway pressure and oesophageal pressure curves were obtained ( Figure 1 ).
The pressure just before the deep deflection of airway pressure indicating inspiratory effort was measured. The pressure before the steep deflection of the airway pressure was considered to be the actual end-expiratory airway pressure (EEP). The pressure decline between this EEP and the airway pressure at zero flow was referred to as opening airway pressure (opening Paw). Airway pressure-volume diagrams were traced as shown in Figure 2 . Additional work of breathing imposed by the CPAP system (Wapp) was obtained by integration of the area bordered by the changes in airway opening pressure and volume during inspiration and expiration. Wapp was calculated per litre of ventilation.
Oesophageal pressure-curves were analysed in relation to airway pressure and flow curves ( Figure  1 ). Two components of the oesophageal pressure curves were determined: dynamic intrinsic PEEP and opening Pes. Dynamic intrinsic PEEP was calculated as the pressure decline from the steep deflection of Pes at end-expiration to the Pes level corresponding with the deflection of the Paw. Opening Pes was defined as the pressure decline corresponding in time with the opening Paw.
Statistical Analysis
Student's t tests for paired samples and linear regression analysis were used. Differences with a P value less than 0.05 were considered statistically significant.
RESULTS
The results of the variables related to the additional work of the CPAP systems are given in Table 2 . The Wapp of the ventilator-CPAP ranged from 0.10 to Figure 3 . This figure reveals increases in Wapp in relation to minute ventilation for both systems, which was more pronounced for the ventilator-CPAP. The Wapp imposed by both systems correlated with the minute ventilation (r=0.89, P<0.0001 for ventilator-CPAP and r=0.91, P<0.0001 for CF-CPAP).
With ventilator-CPAP, the EEP increasingly exceeded the preset CPAP level of 0.5 kPa at higher volumes, and the level of EEP was found to correlate both with minute ventilation and the Wapp (r=0.81, P<0.001; r=0.79, P<0.005 respectively). With the CF-CPAP system, the EEP was equal to the preset CPAP level and did not change at higher minute volumes.
In all patients the opening Paw with ventilator-CPAP exceeded the value obtained with CF-CPAP. The opening Paw correlated with EEP values and minute ventilation with ventilator-CPAP (both r-values 0.90; P-values <0.00015).
Analysis of the oesophageal pressure signal revealed very low dynamic intrinsic PEEP levels for both CPAP systems. The opening Pes was equal to the opening Paw level for both systems.
The variables related to the breathing patterns of the patients are given in Table 3 . Compared with CF-CPAP, ventilator-CPAP was associated with significantly higher tidal volumes and minute ventilation (both P<0.005). No differences were found in respiratory rate and Tl/Ttot when comparing the two CPAP systems.
The expiratory flow against time curves obtained in patient no. 3 for both ventilator-CPAP and CF-CPAP are shown in Figure 1 . The peak expiratory flow with CF-CPAP exceeded that obtained with the ventilator-CPAP. The flow pattern with ventilator-CPAP approached a square wave pattern, resulting in a higher end-expiratory flow before the inspiratory effort was initiated.
DISCUSSION
This study shows that during ventilator-CPAP using the Siemens Servo 900C, the additional work imposed by the ventilator is substantially increased at higher minute volumes. The corresponding increments in inspiratory effort are largely caused by increases in end-expiratory airway pressure above the preset CPAP level imposing an inspiratory threshold. The latter may be explained by the mechanical characteristics of the PEEP device of the ventilator: at higher minute volumes the flow-dependent resistance of this valve prevents the patient expiring to the preset CPAP level. This also explains the expiratory flow against time curve displaying a square wave pattern.
In contrast to ventilator-CPAP, the continuous flow system was associated with end-expiratory pressure that remained unchanged at elevated minute volumes. Consequently, the additional work imposed by the continuous flow system only increased to a minor degree at higher ventilatory needs.
The elevated end-expiratory pressure above the preset CPAP level established during ventilator-CPAP affects the inspiratory work of breathing in the same way as intrinsic PEEP does in patients with COPD. The pressure gradient described in this study was located at the expiratory device of the ventilator, while intrinsic PEEP was defined as the pressure gradient between alveoli and airway opening.
In the present study CPAP was used, as this ventilatory mode can be applied both by the ventilator and by a continuous flow CPAP system. With the ventilator-CPAP system the onset of inspiratory and expiratory flows is affected by the opening of valves incorporated in the ventilator. These systems can provide two different methods for initiating flow: pressure-or flow-triggering. In contrast to ventilator-CPAP, continuous flow CPAP (CF-CPAP) operates without inspiratory and expiratory valves. The flow provided with this system can be sustained at the inspiratory effort of the patient by means of an extra gas supply from the reservoir in the inspiratory line 11 .
Ventilator-CPAP systems are considered to impose higher work loads than CF-CPAP systems 12, 13 . In the present study the additional work imposed by the CPAP systems has not been separated into inspiratory and expiratory work. In order to obtain this subdivision, the line between the end-inspiratory and end-expiratory pressures has to be drawn in the airway pressure-volume diagrams. As pressure at the end of inspiration, the pressure at zero flow might be applied. Analysis of the airway pressure-volume diagrams computed at ventilator-CPAP reveals however, that the end-inspiratory pressure is affected by the mechanical properties of the ventilator ( Figure  2) . During inspiration the ventilator applies a slightly higher pressure than the preset CPAP level, leading to variable flow-dependent bias and an elevated endinspiratory pressure. Consequently, inspiratory and expiratory imposed work cannot be separated from airway pressure-volume diagrams obtained with ventilator-CPAP. According to this analysis, total work of breathing cannot be computed from oesophageal pressure-volume diagrams when the Campbell approach is used at breaths obtained during ventilator-CPAP.
The additional workload imposed with ventilator-CPAP has been attributed to the mechanical characteristics of the ventilator 4, 12, 14 . The time delay between the start of inspiratory effort and the onset of inspiratory flow is considered a major determinant of this workload and should therefore be minimized 15, 16 . The present study revealed that with ventilator-CPAP the magnitude of the inspiratory effort is profoundly affected by the end-expiratory airway pressure. Because EEP increasingly exceeded the preset CPAP level at higher minute volumes, the threshold required to trigger the ventilator was accordingly augmented.
It is well established that when the oesophageal pressure curve is analysed, the early deflection in oesophageal pressure equals the dynamic intrinsic PEEP level 17 . In the patients studied, very low levels of intrinsic PEEP were detected, a finding to be expected as no patients with severe COPD were included. It is believed that in severe COPD, CPAP can reduce work of breathing by counter-balancing intrinsic PEEP 15, 16 . The effects of CPAP on work of breathing have predominantly been studied with CF-CPAP systems [18] [19] [20] . The present study indicates that when a ventilator is applied for CPAP, the mechanical characteristics of the ventilator should be taken into account.
Comparison of the respiratory variables presented in Table 3 revealed significantly higher tidal volumes and minute volumes with the ventilator-CPAP. These differences, which have also been described by others, may be attributed to the low levels of pressure support applied by the ventilator 13 .
